The structures of phosphatidylethanolamine (PE) in Leishmania infantum are unique in that they consist of a rare cyclopropane fatty acid (CFA) containing PE subfamily, including CFA-containing plasmalogen PE species. In this contribution, we applied multiple-stage linear ion-trap combined with high-resolution mass spectrometry to define the structures of PEs that were desorbed as [M -H] À and [M -H + 2Li] + ions by ESI, respectively. The structural information arising from MS n on both the molecular species are complimentary, permitting complete determination of PE structures, including the identities of the fatty acid substituents and their location on the glycerol backbone, more importantly, the positions of the double bond(s) and of the cyclopropane chain of the fatty acid chain, directing to the realization of the CFA biosynthesis pathways that were reported previously. We also uncovered the presence of a minor dimethyl-PE subclass that has not been previously reported in L. infantum. This LIT MS n mass spectrometric approach led to unambiguous identification of PE molecules including many isomers in complex mixture that would otherwise be very difficult to define using other analytical approaches.
Introduction
Leishmaniasis is caused by parasitic protozoa of the genus Leishmania, which are spread by the bite of phlebotomine sand flies. Leishmania infantum (L. infantum) (syn. Leishmania chagasi), an obligatory intracellular parasite of mammalian macrophages, is the major cause of zoonotic visceral leishmaniosis (ZVL) in human and canine leishmaniosis (CanL) in dogs. The infected dogs, both domestic and wild, are the principal reservoir for L. infantum and can be a threat to public health. [1, 2] In Leishmania, phospholipids (PLs) account for ∼70% of total cellular lipids, including phosphatidylcholine (PC, 30-40%), phosphatidylethanolamine (PE, ∼10%) and phosphatidylinositol (PI, ∼10%). [3, 4] While phosphatidylserine (PS) has been reported in several species by thin layer chromatography-based methods, [4] [5] [6] other studies based on mass spectrometry analysis failed to detect this lipid. [7] [8] [9] The PL anchors consist of 1,2-diacyl, 1-alkyl-2-acyl, 1-alkenyl-2-acyl (plasmalogens) or in some cases lyso-alkyl or lyso-acyl groups. Interestingly, the majority (80-90%) of PE in L. major belongs to plasmenylethanolamine (1-O-1′-alkenyl-2-acyl-phosphotidylethanolamine), [10, 8, 9] which is also more abundant than diacyl-PE in the procyclic and blood stream forms of T. brucei. [11] [12] [13] Plasmalogens have been implicated in signal transduction, membrane fusion and trafficking, oxidant and prostaglandin synthesis. Targeted Leishmania lacking the gene encoding alkyldihydroxyacetonephosphate synthase (ADS), the first committed step of ether lipid synthesis, lack all ether-linked lipids, yet remain viable with retention of significant animal infectivity. [9] However, the role of plasmenylethanolamine in Leishmania is not fully understood.
One interesting distinction in the PE contents among the various Leishmania species is the occurrence of cyclopropane fatty acids (CFAs) in L. infantum, L. mexicana and in L. braziliensis, while CFA-containing PEs are absent in L. major and in other kinetoplastids including Trypanosoma. [14] This lack of CFA-containing PEs in the latter species is attributable to the absence of the single gene encoding CFA synthetase (CFAS). This finding is supported by the notion that CFA is not detectable in wild type L. major, and expression of the L. infantum CFAS gene in L. major generates cyclopropanated fatty acids, suggesting that the substrate for this modification is present in L. major, despite the absence of the modifying enzyme. [15] The function of CFA in Leishmania is unclear. It is suggested that loss of CFAs may lead to irreversible changes in cell physiology that cannot be rescued by re-expression. Aberrant cyclopropanation in L. major also decreases parasite virulence but does not influence parasite tissue tropism. [15] In Escherichia coli, it is believed that CFA protects against acid shock and is involved in long-term survival of non-growing cells associated with environmental stresses. [16] Cyclopropanation is believed to play a role in the pathogenesis of Mycobacterium tuberculosis. [17] The presence of PE in Leishmania has been reported. However, tandem mass spectrometric approaches toward complete structural characterization of this lipid class, in particular, the CFA-containing PE species in L. infantum, have not been previously described. [3, 4, 10] Here, we demonstrated the utility of multiple stage linear ion-trap with high resolution mass spectrometry in the structural determination of this unique lipid family, including the identities of the fatty acyl groups and their position on the glycerol backbone, as well as the location of the unsaturated bond(s) or the cyclic chain on the fatty acyl chain,.
Materials and methods

Sample preparation
Leishmania major FV1 (MOHM/IL/80/Friedlin virulent clone 1), L. infantum (MCAN/ES/98/LLM-877) and CFAS expressing (+CFAS) L. major (the construction is described elsewhere) were grown in M199 with 10% FBS and supplements as described. [18] Total lipids were extracted using a modified Folch extraction [19] in which the water was replaced by an equal volume of 50 mM sodium fluoride. Cells (2e 8 ) were pelleted and resuspended in 1.5 ml 25 mM sodium fluoride. Methanol (2 ml) was added and the sample was sonicated for 20 s at full power using a Branson Sonifier 250 with a water bath attachment. Chloroform (4 ml) was added, and after vortexing for 30 s, the sample was centrifuged at 1800 × g for 15 min. The lower phase was removed and the upper phase was extracted again with 2.5 ml of chloroform:methanol (43:7). The sample was again vortexed and centrifuged. The combined lower phases were added with 2 ml of 50 mM sodium fluoride and 2 ml of methanol, vortexed and then centrifuged as above. The lower phase was dried by nitrogen stream and a final extraction with chloroform:methanol: 50 mM sodium fluoride (4:2:1) was performed with vortexing and centrifugation. The final lower phase was dried under nitrogen stream and resuspended in 1 ml of chloroform:methanol (1:1) for mass spectrometry analysis.
Mass spectrometry
Both high-resolution (R=100 000 at m/z 400) and low-energy CID tandem mass spectrometry experiments were conducted on a Thermo Scientific (San Jose, CA) LTQ Orbitrap Velos mass spectrometer (MS) with Xcalibur operating system. Lipid extracts in chloroform/methanol (2/1) were infused (1.5 μl/min) to the ESI source, where the skimmer was set at ground potential, the electrospray needle was set at 4.0 kV and temperature of the heated capillary was 300°C. The automatic gain control of the ion trap was set to 5 × 10 4 , with a maximum injection time of 50 ms. Helium was used as the buffer and collision gas at a pressure of 1 × 10 À3 mbar (0.75 mTorr). The MS n experiments were carried out with an optimized relative collision energy ranging from 25 to 45% and with an activation q value at 0.25, and the activation time at 10 ms to leave a minimal residual abundance of precursor ion (around 20%). The mass selection window for the precursor ions was set at 1 Da wide to admit the monoisotopic ion to the ion-trap for collision-induced dissociation (CID) for unit resolution detection in the ion-trap or high resolution accurate mass detection in the Orbitrap mass analyzer. Mass spectra were accumulated in the profile mode, typically for 3-10 min for MS n spectra (n = 2, 3, 4).
Nomenclature
The abbreviations previously described for diacyl-, plasmanyl and plasmenyl (plasmalogen) PE were used. [20] The diacyl PE, for example, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine is abbreviated as 16:0/18:1-PE. The 1-O-alk-1′-enyl-2-acyl glycerophopholipids (plasmalogens), for example, the 1-O-octadec-1′-enyl-2-oleoyl-snglycero-3-phosphoethanolamine was designated as p18:0/18:1-PE, while dimethylphosphatidylethanolamine (DMPE), for example, 1-O-octadec-1′-enyl-2-linoleoyl-sn-glycero-3-phosphoethanol dimethylamine was designated as p18:0/18:2-DMPE. CFA such as 9,10-methyleneoctadecanoic acid was abbreviated as cPro (9) 19:1-fatty acid to reflect that the unsaturation on the C 19 -chain is from the cyclopropane group at C-9. Thus, PE molecule consisting of cPro (9)19:1-and 18:0-fatty acyl groups at sn-1 and sn-2, respectively, is designated as cPro (9)19:1/18:0-PE.
Results and discussion
One unique feature of PE in Leishmania is that it mainly consists of plasmenylethanolamines (1-O-1′-alkenyl-2-acylphosphotidylethanolamine) rather than diacyl PEs. [10, 8, 9] As noted earlier, PE species are readily detectable as [M -H] + (Cat = H, Li, Na, K) are formed, dependent on the presence of alkali cations. [21, 22] MS n on the [M -H] À and lithiated ions yielded complementary structural information, leading to complete structural characterization. [21] [22] [23] [24] The iontrap MS n mass spectrometric approaches with high resolution mass spectrometry toward characterization of this complex PE family from L. Infantum are described below.
Structural elucidation of the PE family of L. infantum as [M -H]
À ions applying high resolution LIT MS n (n = 1, 2, 3)
High resolution mass spectrometry (R = 100 000 at m/z 400) readily resolved isobaric ions, and the elemental compositions of the [M -H] À ions deduced from accurate mass measurements also readily differentiate a diacyl PE from a plasmalogen PE isolated from L. infantum (Table 1 arising from losses of the 18:1-fatty acid substituent as a ketene and as an acid, respectively, consistent with the presence of the prominent ion at m/z 281, representing an 18:1-carboxylate anion (see supplemental material Table s1a ). Further dissociation of the ion of m/z 450 (714 → 450; Fig. 1b ) gave rise to ions at m/z 407 and 389, arising from losses of the ethanolamine group as aziridine and ethanolamine residues, respectively. The spectrum also contained the alkenoxide ion at m/z 253 ( -O-CH=CHC 15 H 31 ), along with prominent ion at m/z 196 arising from loss of the 1-O-alk-1-enyl residue at sn-1 as an alcohol (loss of HO-CH=CHC 15 H 31 ), and the ions at m/z 140 and 153, representing a phosphoethanolamine and a 2-hydroxy-1, 3-cyclophosphoric anions, respectively. [20] The results indicate the presence of a p17:0/18:1-PE. The structural assignments are also supported by high resolution mass measurements (see supplemental material Table s1b) The spectrum (Fig. 1a) also contained ions at m/z 436 and 418, arising from losses of 19:1-fatty acid substituent as a ketene and an acid, respectively, and the ion at m/z 295, representing the 19:1-carboxylate anion (Table s1a ). The high resolution MS (Table s1c ). These structural information led to the assignment of p16:0/19:1-PE; while assignment of the 19:1-fatty acid substituent as 9,10-methyleneoctadecanoic acid (cPro(9)19:1-FA) was further conducted by MS n on the corresponding dilithiated ions (see below).
In Fig. 1a , ions at m/z 452 and 434 arising from losses of 18:2-fatty acid substituent as a ketene and as a fatty acid, along with ions at m/z 476 and 458 arising from the analogous losses of the 16:0-fatty acid substituent, are also present. The former ion pairs (i.e. ions at m/z 452 and 434) are, respectively, more abundant than the latter pairs, indicating the presence of 16:0/18:2-PE. The assignment of this latter isomer is consistent with the observation of the ion at m/z 279 (18:2-carboxylate anion), which is more abundant than the ion at m/z 255 (16:0-carboxylate anion), and further supported by the MS 3 spectrum of the ion at m/z 452 (714 → 452) as shown in Fig. 1d . The spectrum contained ions at m/z 409 (loss of aziridine) and 391 (loss of ethanolamine) arising from cleavages of the ethanolamine head group and the abundant 16:0-carboxylate anion at m/z 255, signifying the presence of a diacyl-PE. [20] The spectrum also contained the 14:0-carboxylate anion at m/z 227 and the ions at m/z 224 and 242 arising from losses of 14:0-fatty acyl substituent as an acid and as a ketene, respectively, together with a minor ion at m/z 363 arising from loss of ethanoldimethylamine. The results indicate the presence of a minor 14:0/18:2-DMPE isomer.
High resolution mass spectrometry also readily resolved the ion pairs of m/z 742. (Fig. 2b) also contained ions at m/z 391 corresponding to loss of an ethanoldimethylamine residue, together with the ions at m/z 255 (16:0-carboxylate anion) and at m/z 224 arising from loss of 16:0-fatty acid substituent, suggesting the presence of 16:0/18:2-DMPE isomer (Table 1) .
In Fig. 2a , ions at m/z 478 (loss of 18:1-ketene) and 460 (loss of 18:1-acid), together with ions at m/z 281 (18:1-carboxylate anion) are also present, indicating the presence of 18:1/18:1-PE. This structural assignment is also confirmed by the MS 3 spectrum of the ion of m/z 478 (742 → 478; data not shown), which is dominated by the ion of m/z 281, along with ions at m/z 417 (loss of ethanolamine) and 196, analogous to those seen in Fig. 1d and 2b .
The ion pairs of m/z 464 (measured: 464.3145; calculated m/z for C 23 m/z for C 23 H 45 O 5 NP: 446.3041 Da) (Fig. 2a) Table s2b ). The profile of the spectrum is identical to that shown in Fig. 2b , indicating the presence of p18:0/cPro (9) The above structural assignments neither provide distinction between a double bond and a cyclopropane chain, nor locate the positions of double bond(s) and of cyclopropane ring along the fatty acyl chain. However, LIT MS n on the correspond-
+ adduct ions readily yield rich fragment ions for the structural identification, which is described below.
Characterization of PE from L. infantum as [M -H + 2Li]
+ ions by LIT MS n (n = 1, 2, 3) mass spectrometry Fig. 3a for the fragmentation processes) of the head group. [21] Further dissociation of the ion of m/z 605 (728 → 605; Fig. 3b ) gave rise to ions at m/z 293 and 269, corresponding to the dilithiated ions of 18:2-and 16:0-FA, respectively, together with the ions of m/z 367 and 343 arising from losses of 16:0-ketene and 16:0-Li salt respectively, and the ions at m/z 343 and 319 arising from the analogous losses of 18:2-fatty acid substituent. The ions of m/z 367 and 343 are, respectively, more abundant than the ions of m/z 343 and 319, indicating that the 16:0-and 18:2-fatty acid substituents are located at sn-1 and sn-2, respectively, [24] consistent with the presence of 16:0/18:2-PE. MS 3 on the ion of m/z 293 (728 → 605 → 293; Fig. 3c ) gave rise to ions at m/z 237, 195 and 141, and the spectrum is identical to the LIT MS 2 spectrum of Δ 9,12 18:2. [25, 23] The results gave assignment of the structure of 16:0/Δ 9,12 18:2-PE. In Further dissociation of the ions of m/z 295 (728 → 605 → 295; Fig. 3d) ) gave rise to major ions at m/z 197, 141 and 99, and the spectrum is identical to the LIT MS 2 spectrum of the dilithiated Δ 9 18:1-fatty acid standard. [25] The combined information gave assignment of p17:0/Δ 9 18:1-PE. In the same spectrum (Fig. 3a) , ions at m/z 327 and 303 arising from losses of 19:1-fatty acid substituent as a ketene and as a lithium salt, along with the ion at m/z 309 representing a dilithiated 19:1-FA ion, were also observed. The presence of 19:1-fatty acyl substituent is again consistent with the assignment of p16:0/19:1-PE isomer in the negative-ion mode. The MS 4 spectrum of the ions at m/z 309 (728 → 605 → 309; Fig. 3e ) is identical to the MS 2 spectrum of 9,10-methyleneoctadecanoic acid standard (Fig. 3f) , confirming the presence of a cyclopropane 19:1-FA (cPro(9)19:1) rather than a linear odd-chain monoenoic fatty acid. The results gave assignment of p16:0/cPro(9)19:1-PE.
Similarly, the [M -H + 2Li] + ion at m/z 756 is equivalent to the
À ions of m/z 742 (Fig. 2) and gave rise to ions of m/z 633 and 627 arising from elimination of the phosphoethanolamine head group (Fig. 4a) . The and 309 (19:1), respectively. The MS 3 spectra of the ions at m/z 293, 295 and at 309 (data not shown) are identical to those shown in Fig. 3c, 3d and 3e, respectively. The results locate the positions of the double bond(s) and of the cyclopropane ring along the fatty acyl chain, leading to the identification of 18:0/Δ 9,12 18:2-PE, Δ 9 18:1/ Δ 9 18:1-PE, and p18:0/cPro (9)19:1-PE isomers.
Characterization of PE isolated from CFAS expressing (+CFAS) L. major
To further understand the synthetic pathways underlying the cyclopropanation, we also probe the structures of the PE species isolated from +CFAS L. major (Table 2) (Fig. s1b) and L. major (mock) ( Table 3) (Fig. s1c) . 
